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We report magnetoresistance and Hall angle measurements of the electron-doped cuprate
La2−xCexCuO4 from 50 K to room temperature, expanding the transport phenomenology of this
unconventional “strange metallic” system. We find a sharp transition in the field dependence of
the magnetoresistance centered at 90 K in all dopings within the superconducting dome which may
be associated with the onset of the high-temperature strange metallic phase. In addition, we find
a non-Fermi liquid T 4 dependence of the cotangent of the Hall angle, further supporting the view
that the high-temperature strange metallic phase lies outside the realm of Fermi liquid theory.
The normal state of the cuprate high-temperature su-
perconductors has captivated the interest of the con-
densed matter physics community for the past decade
while defying every attempt at theoretical explanation.
The transport phenomena observed in these materi-
als is believed to depart from the conventional Landau
Fermi liquid theory of metals [1] and such “non-Fermi
liquid” behaviors appear to be a common feature of
disparate families of high-temperature superconductors
[2]. Consequently, it is reasonable to imagine that the
mechanism of high-temperature superconductivity may
naturally emerge from this non-Fermi liquid “strange
metal” just as phonon-mediated superconductivity nat-
urally emerges from a conventional Fermi liquid, making
an understanding of this strange metallic state a poten-
tial stepping stone toward identifying the origin of high-
temperature superconductivity.
The typical hallmark of the strange metallic state is
the infamous linear-in-T resistivity of the hole-doped
cuprates, which persists over an anomalously large tem-
perature range, from Tc to 1000 K in some systems [3, 4].
However, the electron-doped compounds also exhibit a
plethora of strange metallic behavior which differ sharply
from the conventional properties of a Fermi liquid [5].
Further, these materials display two distinct regimes of
strange metallicity with different behaviors at high and
low temperatures, and which may or may not be of a
common origin.
The high-temperature strange metallic phase of the
electron-doped cuprates is characterized by a universal
quadratic-in-T resistivity, seen in all compounds and for
all dopings [6, 7] from roughly 100 K to above 600 K [8].
This T 2 behavior is what one might naively expect for a
Fermi liquid, although more thoughtful consideration of
the large magnitude of the resistivity and the high tem-
perature scale at which it is observed lead one to conclude
that is in fact an extremely strange transport behavior
[7], and is arguably stranger than the high-temperature
linear-in-T resistivity of the hole-doped materials, which
could potentially be explained by electron-phonon scat-
tering in a low carrier density system [9] and is a generic
feature of most conventional metals.
At low temperatures, the nature of the strange metal-
lic ground state is strongly doping-dependent and non-
universal. Generically, the phase diagram of the electron-
doped cuprates is dominated by a Fermi surface recon-
struction (FSR) which occurs inside the superconducting
dome [10–14] and is believed to be driven by short-ranged
antiferromagnetic fluctuations [15]. For the material of
interest in this study, La2−xCexCuO4 (LCCO), this FSR
occurs at cerium concentration x = .14 [16] (for reference,
the SC dome extends from x = .07 to x = .175). In sam-
ples doped below the FSR (i.e. x < .14 for LCCO), the
low-temperature resistivity exhibits an upturn, increas-
ing with decreasing temperature [16, 17]. The origin of
this upturn, also seen in hole-doped cuprates [18, 19], is
not well understood, but is thought to be associated with
the underdoped materials’ proximity to an antiferromag-
netic insulating phase [20, 21].
The low temperature transport behavior of samples
doped beyond the FSR (x > .14 in LCCO) has proven
to be particularly intriguing. Remarkably, the resistivity
in this region of the phase diagram varies linearly with
temperature from a doping-dependent crossover temper-
ature of the order of tens of Kelvin down to the lowest
measured temperature of 30 mK when superconductivity
is suppressed with an external magnetic field [22]. This is
in stark contrast to the Fermi liquid expectation of a low-
temperature T 2 resistivity, and is perhaps the most com-
pelling evidence available for a non-Fermi-liquid ground
state. In addition, it has recently been found that the
low-temperature magnetoresistance (MR) of these over-
doped samples is linear in magnetic field, in contrast to
the conventional H2 dependence expected for weak fields
[23]. Further, the resistivity as a function of temperature
and magnetic field obeys a scale-invariant functional form
which, together with an anomalous logarithmic temper-
ature dependence of the thermopower [24], is suggestive
of quantum criticality [5, 23, 25].
Given the existence of these two regimes of strange
metallicity the universal high-temperature ρ ∼ T 2 and
the low-temperature ρ ∼ T for dopings above the FSR
it is reasonable to wonder whether they are continuously
connected or are two distinct phases. The purpose of this
work is to consider the intermediate temperature range
at which a crossover between these two regimes may oc-
cur. Specifically, since all dopings of LCCO attain a T 2
resistivity by 70 K [7], we will be primarily interested in
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FIG. 1. (a) Magnetoresistance (MR) for an x = .15 sample measured up to 9 T. The crossing of the curves taken at 80, 90, and
100 K suggest the MR at 80 K grows more rapidly with field than at 100 K, (b) Kohler’s plot for same x = .15 sample. The
curves for all temperatures studied below 80 K collapse onto one line, indicating that Kohler’s rule is obeyed. At 90 K Kohler’s
rule is suddenly violated, and curves for 100 K and above again collapse onto one another. The bending of the high-temperature
curves indicates a sub-quadratic dependence on magnetic field. Inset: Plot of the magnetic field exponent, n, of the MR as a
function of temperature, obtained by fitting ρ(H) = ρH=0 +AH
n. The exponent sharply changes from n = 2 to n ≈ 1.5 at 90
K, where Kohler’s rule is violated. (c) Kohler’s plot for MR measurements taken between 80 and 100 K, where the exponent
n is rapidly changing. No curves collapse onto each other, and thus Kohler’s rule is violated everywhere in this temperature
range. Inset: zero-field resistivity as a function of temperature over the same temperature range. Since this curve is continuous
and essentially featureless, the change in the MR power law must be an intrinsically field-dependent effect.
the temperature range between 60 and 100 K. As shown
in numerous prior works (see also the inset of Fig. 1c),
the resistivity as a function of temperature is continuous
throughout this temperature range, and we must thus
consider other transport measurements to study a po-
tential crossover. As evidenced by MR measurements, we
report a universal (doping independent) transition occur-
ring at around 90 K, and a puzzling but decidedly non-
Fermi-liquid temperature dependence of the cotangent of
the Hall angle.
All measurements are performed on c-axis oriented epi-
taxial thin films of LCCO grown via pulsed laser deposi-
tion on SrTiO3 substrates. Details of the sample prepa-
ration can be found in the literature [16].
In Fig. 1a, we show representative data of the MR,
∆ρ/ρH=0 ≡ [ρ(H) − ρ(0)]/ρ(0), for an x = .15 LCCO
sample from 50 to 130 K. In particular, note that the
curves taken at 80, 90 and 100 K cross one another, indi-
cating the MR increases more rapidly with field at 80 K
than at 100 K. Further, by inspection the MR at lower
temperatures appears to be quadratic in field, while the
higher temperature curves seem to have a slower field
dependence. A useful lens through which to consider
the MR behavior of a metallic system is Kohler’s rule,
the statement that the MR should depend on the ratio
of the mean free path to the cyclotron radius in a sim-
ple semiclassical picture. More formally, as can be seen
from the Boltzmann equation, it is the statement that
the MR depends only on the product of the magnetic
field and scattering time, or more practically (assuming
ρH=0 ∼ τ−1) is a function of only the ratio of the mag-
netic field to the zero-field resistivity [26],
∆ρ
ρH=0
= F (Hτ) ≈ F
(
H
ρH=0
)
(1)
In Fig. 1b we assess the validity of Kohler’s rule in this
system by plotting the MR against (µ0H/ρH=0)
2. For
a conventional metal, one would expect the MR curves
measured at each temperature to be linear on this plot
and to all collapse onto one another. However, in LCCO
one can see that such scaling holds below 80 K, is sud-
denly violated at 90 K, and then is satisfied again above
100 K, albeit with a sub-parabolic field dependence. Fig-
ure 1c shows MR curves taken at several temperatures
between 80 and 100 K, wherein one can see that Kohler’s
rule fails over the entirety of this temperature range.
To identify the origin of this abrupt violation of
Kohler’s rule, we fit the field-dependent resistivity ρ(H)
to the form ρ(H) = ρH=0 + AH
n. Plotting the field
exponent n as a function of temperature, as shown in
the inset of Fig. 1b, one finds that n sharply transitions
from n ≈ 2 (the conventional value of n for a metal in
a weak field) to n ≈ 1.5 within a narrow temperature
region centered at about 90 K.
Moving on from this single doping (x = .15) which
we have used as an illustration of this phenomenon, we
may consider other dopings within the SC dome. Similar
Kohler scaling analyses show the same pattern for nu-
merous dopings across the phase diagram: Kohler’s rule
is obeyed below 80 K, violated over a limited tempera-
ture range, and obeyed with a slower field dependence
above 100 K. This behavior is shown in Fig. 2 for highly
underdoped and highly overdoped samples, as well as a
30.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
2.0
0.0 1.0 2.0 3.0
0
1
2
3
4
5
6
0 1 2 3 4
0
1
2
3
4
5
6
0 50 100 1500
40
80
 80 K
 90 K
 100 K
 110 K
 120 K
Dr
/r
H
=
0 (
x1
0-
3 )
µ0H/rH=0 (x10-1 T/µW-cm)
x = .08
 50 K  110 K
 60 K  120 K
 70 K  130 K
 80 K  140 K
 90 K
 100 K
x = .14
 50 K
 60 K
 70 K
 80 K
 100 K
 120 K
 150 K
x = .16
 T(K)
r
H
=
0  (µW
-cm
)
H = 0
FIG. 2. Kohler’s plots for: a highly underdoped x = .08 sample (inset: zero-field resistivity of x = .08 sample, where a low-
temperature upturn is clearly seen. This insulating-like behavior leads to a trivial violation of Kohler’s rule at low temperatures
where dρ/dT < 0); a sample at the Fermi surface reconstruction doping x = .14; and a highly overdoped x = .16 sample. Given
that the magnetoresistance is generally not quadratic in field at higher temperatures, we have plotted it against H/ρH=0 rather
than the more commonly seen (H/ρH=0)
2. All show a violation of Kohler scaling within a narrow temperature range centered
at ∼ 90 K, with magnetoresistance curves above and below this region collapsing onto one another in accordance with Kohler’s
rule.
sample at the FSR doping. We note that due to the
low-temperature resistivity upturn exhibited by under-
doped samples (see the inset in the first panel of Fig. 2),
Kohler’s rule is trivially violated at low temperatures in
this doping range. Nonetheless, Kohler scaling is satis-
fied over a narrow temperature range, and a jump in this
scaling slightly above 90 K is still seen as in the other
dopings.
Measuring the MR and extracting the exponent n of
the field-dependent resistivity for each doping, we find
the same sharp transition at 90 K for all dopings within
the SC dome, as shown in Fig. 3. Note that below the
temperature range of interest in this work, samples doped
below the FSR (x < .14) have a negative magnetoresis-
tance [20, 27] and samples above the FSR (x > .14) dis-
play the aforementioned linear-in-H behavior [23]. But,
for all dopings, the MR power law crosses over to a
quadratic dependence by 50 K where our measurements
begin. Samples outside the SC dome (x > .175) were
not considered in this study, owing to the presence of
negative magnetoresistance, associated with the recently
discovered ferromagnetic order [28] in this region of the
phase diagram, which persists up to ∼ 90 K, obscuring
the analysis.
There are several puzzling features of this change in
the MR power law. First, it occurs at a rather large
temperature-scale: over three times the optimal super-
conducting critical temperature in this system. Secondly,
it is quite sharp despite the high temperature at which
is occurs, with the half-width of the feature being less
than 10 K. The MR power law above the transition also
takes an unconventional value of n ≈ 1.5 which is not
predicted by any standard theory of metals. Finally, the
transition appears to be a universal feature of the LCCO
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FIG. 3. Plot of the magnetic field exponent, n, of the MR,
obtained from the fit ρ(H) = ρH=0 + AH
n, as a function of
temperature for numerous dopings across the LCCO phase
diagram. The exact values of n for each sample vary slightly,
but all dopings exhibit a transition centered at 90 K from
n ≈ 2 to n ≈ 1.5.
phase diagram, occurring at roughly the same tempera-
ture for all dopings within the SC dome. Taking all of
these observations together, it is reasonable to associate
this feature with the only other universal property of the
electron-doped cuprates, namely the strange metallic T 2
resistivity. Given that all dopings of LCCO have attained
a T 2 power law of the resistivity by 90 K [7], at which the
transition in the MR occurs, we speculate that this tran-
4sition may in fact be a signature of the system’s entrance
into the high-temperature strange metallic state.
In passing, we may also compare the observed behav-
ior of the MR in LCCO to that of hole-doped cuprates
in comparable temperature ranges. Prior studies of un-
derdoped Hg1201 and LSCO [29], as well as overdoped
Th2201 [30] find that Kohler’s rule (or some slightly mod-
ified version of it) holds below room temperature with an
MR power law of n = 2, as one would expect for a con-
ventional metal. Modulo the transition at 90 K, the situ-
ation in LCCO is somewhat similar, in that Kohler’s rule
is satisfied for all temperatures except those at which the
exponent is rapidly changing (see Fig. 1c). However,
the presence of the transition and the unconventional
n ≈ 1.5 behavior of the MR above it differentiate the
magnetotransport phenomenology of the electron-doped
compounds from their hole-doped counterparts, and may
be manifestations of a complex interplay between multi-
ple strange metallic states presumably absent in the hole-
doped materials, given that the universal slope of the
linear-in-T resistivity suggests a single strange metallic
phase in those compounds.
To supplement these MR measurements, in Fig. 4a we
present measurements of the of the Hall coefficient for
several dopings throughout the SC dome. Note that even
at room temperature, the Hall coefficient has a nontrivial
temperature dependence, departing from single-carrier
Fermi liquid expectations. Moreover, RH changes sign
at high temperatures for dopings near the FSR, which
naively suggests that both electron- and hole-like carri-
ers may be relevant to the high-temperature transport
properties of LCCO within this doping range. However,
given the longstanding confusion over the meaning of the
Hall coefficient in the cuprates, such a conclusion may
very well be premature.
To further our characterization of the high-
temperature strange metallic phase, in Fig. 4b the
tangent of the Hall angle, tan θH ≡ ρxy/ρxx is shown
for several dopings up to room temperature. Although
the cotangent of the Hall angle, cot θH = ρxx/ρxy is the
typical quantity of theoretical interest, the zeroes of ρxy
which, as mentioned above, are present in some dopings
up to 100-200 K, prevent the evaluation of this ratio.
We note that tan θH is strongly doping dependent at
intermediate temperatures, but by 200 K the curves for
all dopings begin to collapse, which is again suggestive
of a universal behavior of the high-temperature phase.
For the optimally doped x = .11 sample, ρxy does not
change sign above 100 K, allowing for cot θH to be ana-
lyzed. As shown in the inset of Fig. 4b, cot θH exhibits a
T 4 temperature dependence. In contrast, a Fermi liquid
is expected to have ρxx ∼ T 2 and ρxy ∼ T 0, and thus
cot θH ∼ T 2, which is in fact one of the defining features
of a Fermi liquid, and a behavior observed in the hole-
doped cuprates [31, 32]. This clear T 4 dependence is thus
a compelling indication that the high-temperature metal-
lic phase of LCCO, and the electron-doped cuprates in
general [33], is indeed a strongly correlated strange metal
50 100 150 200 250 300
0.00
0.02
0.04
0.06
0 1 2 3 4
-1000
-800
-600
-400
-200
0
50 100 150 200 250 300
-10
-5
0
5
10
15
ta
n 
q H
T(K)
(b)
 x = .15
 x = .14
 x = .13
 x = .11
 T4(x109 K4)
 c
ot
 q
H
 x = .11
 x = .15
 x = .14
 x = .13
 x = .11
R
H
 (
x1
0-
10
 W
m
/T
)
(a)
FIG. 4. (a) Hall coefficient as a function of temperature for
several dopings across the LCCO phase diagram, measured
at 9 T. (b) Tangent of the Hall angle, tan θH = ρxy/ρxx as a
function of temperature for same selection of dopings. Inset:
Black dots are measurements of cot θH = ρxx/ρxy for an x =
.11 sample plotted against T 4 for temperatures between 100
and 300 K. The red line is a linear fit.
which cannot be understood within the context of Lan-
dau’s theory of Fermi liquids.
Altogether, we have demonstrated a sharp transition
in the MR which occurs at 90 K, above which the MR
varies asHn, with the anomalous exponent n ≈ 1.5 for all
dopings, and which we believe to be associated with the
onset of the high-temperature strange metallic phase. We
have also shown the non-Fermi liquid behavior of the Hall
angle, cot θH ∼ T 4, which when taken together with the
well-established and extremely strange T 2 dependence of
the high-temperature resistivity, unambiguously estab-
lishes this high-temperature regime to be a non-Fermi
liquid phase.
ACKNOWLEDGMENTS
We thank Sankar Das Sarma for many helpful conver-
sations regarding our results. This work is supported by
the NSF under Grant No. DMR-1708334 and the Mary-
land Quantum Materials Center.
5[1] A. Abrikosov, L. Gorkov, and I. Dzyaloshinski, Methods
of quantum field theory in statistical physics (Dover, New
York, N.Y., 1963).
[2] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, Nature 518, 179 EP (2015), review Ar-
ticle.
[3] S. Martin, A. T. Fiory, R. M. Fleming, L. F.
Schneemeyer, and J. V. Waszczak, Phys. Rev. B 41,
846 (1990).
[4] H. Takagi, B. Batlogg, H. L. Kao, J. Kwo, R. J. Cava,
J. J. Krajewski, and W. F. Peck, Phys. Rev. Lett. 69,
2975 (1992).
[5] R. L. Greene, P. R. Mandal, N. R. Poniatowski, and
T. Sarkar, “The strange metal state of the electron-doped
cuprates, to appear in Annu. Rev. Condens. Matter Phys.
11, 213,” (2020), arXiv:1905.04998.
[6] N. P. Armitage, P. Fournier, and R. L. Greene, Rev.
Mod. Phys. 82, 2421 (2010).
[7] T. Sarkar, R. L. Greene, and S. Das Sarma, Phys. Rev.
B 98, 224503 (2018).
[8] P. L. Bach, S. R. Saha, K. Kirshenbaum, J. Paglione,
and R. L. Greene, Phys. Rev. B 83, 212506 (2011).
[9] E. H. Hwang and S. Das Sarma, Phys. Rev. B 99, 085105
(2019).
[10] Y. Dagan, M. M. Qazilbash, C. P. Hill, V. N. Kulkarni,
and R. L. Greene, Phys. Rev. Lett. 92, 167001 (2004).
[11] N. P. Armitage, F. Ronning, D. H. Lu, C. Kim, A. Dam-
ascelli, K. M. Shen, D. L. Feng, H. Eisaki, Z.-X.
Shen, P. K. Mang, N. Kaneko, M. Greven, Y. Onose,
Y. Taguchi, and Y. Tokura, Phys. Rev. Lett. 88, 257001
(2002).
[12] H. Matsui, T. Takahashi, T. Sato, K. Terashima, H. Ding,
T. Uefuji, and K. Yamada, Phys. Rev. B 75, 224514
(2007).
[13] T. Helm, M. V. Kartsovnik, M. Bartkowiak, N. Bittner,
M. Lambacher, A. Erb, J. Wosnitza, and R. Gross, Phys.
Rev. Lett. 103, 157002 (2009).
[14] J. He, C. R. Rotundu, M. S. Scheurer, Y. He,
M. Hashimoto, K.-J. Xu, Y. Wang, E. W. Huang,
T. Jia, S. Chen, B. Moritz, D. Lu, Y. S. Lee,
T. P. Devereaux, and Z.-x. Shen, Proceedings of
the National Academy of Sciences 116, 3449 (2019),
https://www.pnas.org/content/116/9/3449.full.pdf.
[15] D. Se´ne´chal, D. Perez, and D. Plouffe, Phys. Rev. B 66,
075129 (2002).
[16] T. Sarkar, P. R. Mandal, J. S. Higgins, Y. Zhao, H. Yu,
K. Jin, and R. L. Greene, Phys. Rev. B 96, 155449
(2017).
[17] P. Fournier, P. Mohanty, E. Maiser, S. Darzens,
T. Venkatesan, C. J. Lobb, G. Czjzek, R. A. Webb, and
R. L. Greene, Phys. Rev. Lett. 81, 4720 (1998).
[18] G. S. Boebinger, Y. Ando, A. Passner, T. Kimura,
M. Okuya, J. Shimoyama, K. Kishio, K. Tamasaku,
N. Ichikawa, and S. Uchida, Phys. Rev. Lett. 77, 5417
(1996).
[19] Y. Ando, G. S. Boebinger, A. Passner, T. Kimura, and
K. Kishio, Phys. Rev. Lett. 75, 4662 (1995).
[20] Y. Dagan, M. C. Barr, W. M. Fisher, R. Beck, T. Dhakal,
A. Biswas, and R. L. Greene, Phys. Rev. Lett. 94, 057005
(2005).
[21] N. Doiron-Leyraud, O. Cyr-Choinie`re, S. Badoux,
A. Ataei, C. Collignon, A. Gourgout, S. Dufour-
Beause´jour, F. F. Tafti, F. Laliberte´, M. E. Boulanger,
M. Matusiak, D. Graf, M. Kim, J. S. Zhou, N. Momono,
T. Kurosawa, H. Takagi, and L. Taillefer, Nature Com-
munications 8, 2044 (2017).
[22] K. Jin, N. P. Butch, K. Kirshenbaum, J. Paglione, and
R. L. Greene, Nature 476, 73 (2011).
[23] T. Sarkar, P. R. Mandal, N. R. Poniatowski,
M. K. Chan, and R. L. Greene, Science
Advances 5 (2019), 10.1126/sciadv.aav6753,
https://advances.sciencemag.org/content/5/5/eaav6753.full.pdf.
[24] P. R. Mandal, T. Sarkar, and R. L. Greene, Proceedings
of the National Academy of Sciences 116, 5991 (2019),
https://www.pnas.org/content/116/13/5991.full.pdf.
[25] I. M. Hayes, R. D. McDonald, N. P. Breznay, T. Helm,
P. J. W. Moll, M. Wartenbe, A. Shekhter, and J. G.
Analytis, Nature Physics 12, 916 (2016).
[26] J. M. Ziman, Electrons and phonons: the theory of trans-
port phenomena in solids, International series of mono-
graphs on physics (Clarendon Press, Oxford, 1960).
[27] P. Li, F. F. Balakirev, and R. L. Greene, Phys. Rev.
Lett. 99, 047003 (2007).
[28] T. Sarkar, P. R. Mandal, N. R. Poniatowski, and R. L.
Greene, “Ferromagnetic order in a cuprate superconduc-
tor,” (2019), arXiv:1902.11235.
[29] M. K. Chan, M. J. Veit, C. J. Dorow, Y. Ge, Y. Li,
W. Tabis, Y. Tang, X. Zhao, N. Bariˇsic´, and M. Greven,
Phys. Rev. Lett. 113, 177005 (2014).
[30] J. Kokalj, N. E. Hussey, and R. H. McKenzie, Phys. Rev.
B 86, 045132 (2012).
[31] T. R. Chien, Z. Z. Wang, and N. P. Ong, Phys. Rev.
Lett. 67, 2088 (1991).
[32] Y. Ando, Y. Kurita, S. Komiya, S. Ono, and K. Segawa,
Phys. Rev. Lett. 92, 197001 (2004).
[33] Y. Dagan and R. L. Greene, Phys. Rev. B 76, 024506
(2007).
